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The wide range sensing of extracellular signals is a common feature of various sensory cells. Eukaryotic
chemotactic cells driven by GPCRs and their cognate G proteins are one example. This system endows the
cells directional motility towards their destination over long distances. There are several mechanisms to
achieve the long dynamic range, including negative regulation of the receptors upon ligand interaction
and spatial regulation of G proteins, as we found recently. However, these mechanisms are insufﬁcient to
explain the 105-fold range of chemotaxis seen in Dictyostelium. Here, we reveal that the receptor-
mediated activation, recruitment, and capturing of G proteins mediate chemotactic signaling at the
lower, middle and higher concentration ranges, respectively. These multiple mechanisms of G protein
dynamics can successfully cover distinct ranges of ligand concentrations, resulting in seamless and broad
chemotaxis. Furthermore, single-molecule imaging analysis showed that the activated Ga subunit forms
an unconventional complex with the agonist-bound receptor. This complex formation of GPCR-Ga
increased the membrane-binding time of individual Ga molecules and therefore resulted in the local
accumulation of Ga. Our ﬁndings provide an additional chemotactic dynamic range mechanism in which
multiple G protein dynamics positively contribute to the production of gradient information.
© 2018 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Chemotactic cells can sense chemical gradients over a wide
range of background concentrations in various cell types, including
bacteria and mammalian leukocytes, and is a common feature
shared with other sensory cells [1,2]. The underlying mechanisms
for the wide range sensitivity are negative feedback on the re-
ceptors and other signaling machinery [3e7]. A prolonged stimu-
lation decreases the signaling ability of cells through the chemical
modiﬁcation, down-regulation, and signaling suppression of then 1; TMR, tetramethylrhod-
icroscopy; SRD, short-range
nd extracellular loop; cAR1-
racellular loop was replaced
er Biosciences, Osaka Univer-
M. Ueda).
r Inc. This is an open access articlreceptors [3e7]. Suppressing the receptors and of the corre-
sponding signaling pathways allows the cells to reset themselves so
as to be less sensitive to the same level of signal inputs [3e7]. Thus,
cells adapt to the absolute concentration of extracellular chemo-
attractant while still responding to changes. In Dictyostelium dis-
coideum cells, the G protein-coupled chemoattractant receptor,
cAR1, and the Ga2 and Gbg subunits of the cognate G protein are
involved in the gradient detection of extracellular cAMP, which can
transduce chemotactic signals over a 105e106-fold range [8e10].
Upon cAMP stimulation, cAR1 is phosphorylated, which lowers its
afﬁnity for cAMP. Although receptor phosphorylation can
contribute to extending the range of sensitivity, non-
phosphorylated mutant cAR1-expressing cells still show chemo-
taxis over a 104-fold range [11,12].
We recently found an additional but essential mechanism for
the range regulation that functions on the cognate G protein in
Dictyostelium cells [13]. A G protein-binding protein named Gip1
can bind and sequester heterotrimeric Ga2Gbg proteins in cytosolice under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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plasmamembrane upon receptor activation, thus supplyingmore G
protein for receptor-mediated signaling at middle ranges. Gip1-
deﬁcient cells can only show chemotaxis at lower concentrations
even though the receptor phosphorylation is normal. However,
additional mechanisms are expected to contribute to the range
regulation in cells, because the Gip1-dependent translocation of G
protein has an EC50 of about 10 nM, which can cover only a limited
cAMP concentration range of chemotactxis [13]. In fact, Dictyoste-
lium cells can exhibit chemotaxis at much higher cAMP concen-
trations (over 1 mM).
In the present study, we sought these additional mechanisms to
understand how G protein transduces chemotactic signals over a
wider range of chemoattractant concentrations. We consistently
characterized the dynamics of G proteins upon cAMP stimulation
by observing their activation, translocation, and molecular behav-
iors on the plasma membrane. We especially investigated the
intracellular dynamics of G protein signaling using single-molecule
imaging in living Dictyostelium cells, which allowed us to directly
observe G protein behaviors on the membrane, which demon-
strated unconventional coupling between cAMP-occupied cAR1
and activated Ga2. Unexpectedly, the G protein dynamics was
regulated by distinct ligand signaling with EC50 of 2.3, 12 and
270 nM for activation, translocation, and unconventional coupling
to the receptors. Moreover, lowering the afﬁnity of cAR1 receptors
was followed by concomitant changes in the EC50 of the uncon-
ventional coupling between cAR1 and activated Ga2, which further
extended the chemotactic dynamic range. These studies provide an
additional layer of chemotactic dynamic range regulation in which
multiple types of G proteins dynamics positively contribute to the
production of gradient information.
2. Materials and methods
2.1. Single-molecule microscopy
Single molecules were visualized using an objective type total
internal reﬂection ﬂuorescence microscope (TIRFM) constructed on
an inverted ﬂuorescence microscope (Olympus IX-70, PlanApo
60 1.45-NA oil objective; Nikon TE2000, Apo TIRF 60 1.49-NA
oil objective), as described previously [14e18]. Fluorescence sig-
nals from TMR were intensiﬁed with an image intensiﬁer (GaAsP,
C8600-05, Hamamatsu Photonics, Japan) and acquired with a CCD
camera (TC285SPD, Texas Instruments, Texas) or directly acquired
with an EMCCD camera (iXon Ultra, Andor, Oxford) at 33-ms in-
tervals. Each single molecule was tracked using homemade
software.
2.2. Cell preparations and other methods
Dictyostelium discoideum cells were used for all experiments.
Full methods and any associated references are available in the
supplementary information.
3. Results
3.1. Three distinct types of G protein dynamics have different cAMP
dose dependency
To characterize G protein dynamics over a wide concentration
range, we determined EC50 for cAR1-mediated activation and
translocation by using live imaging analyses. First, ﬂuorescence
resonance energy transfer (FRET) between the Ga2 and Gbg sub-
units was used to assess cAR1-mediated activation as described
previously [19]. Receptor stimulation caused a loss of FRET signalsdue to dissociation between the two subunits in a dose-dependent
manner (Fig. 1A and B, and Video S1). The EC50 for the activation
was determined to be 2.3 nM with a Hill coefﬁcient of 0.9 (Fig. 1C).
The translocation of G protein upon cAMP stimulation was
observed by confocal microscopy (Fig. 1D and E, and Video S2)
[13,20]. Upon receptor stimulation, cytosolic G protein underwent
translocation to the membrane within a few seconds with an EC50
of 12 nM and Hill coefﬁcient of 0.8 (Fig. 1C). This translocation was
Gip1-dependent and generated a biased localization along the
chemoattractant gradients on the membrane, as reported previ-
ously [13]. Thus, the G protein activation and translocation could
cover the low and middle ranges (<100 nM cAMP), in which the G
protein can form intracellular gradients on the membrane along
extracellular chemical gradients by its activation and biased
translocation. In this scenario, the activated G protein will be
saturated with no intracellular gradient at over several hundred
nanomolar cAMP if no other mechanism exists.
Supplementary video related to this article can be found at
https://doi.org/10.1016/j.bbrc.2018.11.029.
To further examine the G protein dynamics on the membrane,
we applied single-molecule imaging to cAR1, Ga2, and Gg mole-
cules. We prepared Dictyostelium cells expressing functional cAR1,
Ga2, and Ggmolecules fused to HaloTag (Fig. S1) [21,22]. The Halo-
tagged proteins stained with tetramethylrhodamine (TMR) were
visualized by total internal reﬂection ﬂuorescence microscopy
(TIRFM). Single molecules of TMR-conjugated cAR1 (cAR1-TMR),
Ga2 (Ga2-TMR), and Gg (Gg-TMR) were observed on the basal
membrane of cells under the same conditions. Upon receptor
stimulationwith saturating cAMP concentration (10 mM), Ga2-TMR
clearly exhibited a mobility shift from a highly mobile state to a
slower one (Fig. 1F and Video S3), while cAR1-TMR and Gg-TMR
exhibited no obvious changes in their mobility (Video S3). To
characterize the mobility of Ga2-TMR, the diffusion coefﬁcients of
individual molecules were determined by short-range diffusion
(SRD) analysis as described previously [21] (see Supplementary
Material and Methods). The obtained diffusion coefﬁcients of
Ga2-TMR exhibited two peaks in the histograms, in which the
slower-mobile fraction increased with cAMP concentration
(Fig. 1G). The proportion of the slower-mobile fraction in the two
diffusion states was determined by probability density function
(PDF)-based analysis as described previously [21] (see
Supplementary Material and Methods). The fraction of Ga2-TMR in
the slower state increased from 20% to 53% across the range of
stimuli applied. The results show that the slower-mobile fraction of
Ga2-TMR had an EC50 of 270 nM and Hill coefﬁcient of 1.0 (Fig. 1C).
This dependency coincided with the lower of the known two cAR1
afﬁnities [23].
Supplementary video related to this article can be found at
https://doi.org/10.1016/j.bbrc.2018.11.029.
3.2. Complex formation between cAR1 and activated Ga2
We further characterized and compared the mobility of cAR1,
Ga2, and Gg by using SRD and PDF analysis (Fig. 2A and B). Ga2-
TMR had a mobility similar to Gg-TMR, and both subunits moved
approximately ten-fold faster than cAR1 in unstimulated cells
(Fig. 2A). Upon receptor stimulation with saturating 10 mM cAMP,
Ga2-TMRexhibited an increase in the slower-mobile fractionwith a
diffusion coefﬁcient similar to that of cAR1, while cAR1-TMR and
Gg-TMR showed no signiﬁcant changes in their mobility (Fig. 2A).
The diffusion coefﬁcients of these molecules were determined by
PDF analysis (Fig. 2B) and are summarized in Table S1 cAR1-TMR
had a diffusion coefﬁcient of 0.017 mm2/s regardless of the cAMP
stimulation, consistent with previous reports [14,24]. Ga2-TMR
adopted two mobile states with diffusion coefﬁcients of
Fig. 1. Three signaling modes in G protein over a wide chemotaxis range. (A) G protein
activation observed by FRET between the Ga2 and Gb subunits before and after
stimulation. Fluorescence of the FRET acceptor is shown. (B) The loss of FRET was
measured as an index of the activation for each cell and is shown as histograms at the
indicated cAMP concentrations. (C) Dose-response curves of the activation (gray),
membrane translocation (green), and mobility reduction (red) of Ga2. The equations
used for the quantiﬁcations are described in Methods. The means± SD of the analysed
cells are plotted. (D) G protein localization observed by confocal microscopy before and
after stimulation showing translocation to the membrane from the cytosol upon re-
ceptor activation. (E) Cytosolic ﬂuorescence intensity was measured for each cell and is
shown as histograms at the indicated cAMP concentrations. (F) Trajectories of single
Ga2-TMR molecules in a cell stimulated by the indicated concentration of cAMP. Red
and blue indicate slow and fast movement, respectively. (G) Histograms of short range
diffusion (SRD) coefﬁcients of Ga2-TMR at the indicated cAMP concentrations. Scale
bar, 2 mm. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the Web version of this article.)
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lation (Table S1). The slow-mobile state of Ga2-TMR had the same
diffusion coefﬁcient as cAR1-TMR with 95% conﬁdence (Fig. 2B).
One possible explanation for both the cAMP-induced mobility
shift of Ga2 and the dose-dependency coinciding with the receptor
afﬁnity is that activated Ga2 forms a complex with cAMP-cAR1
complexes. To verify this hypothesis, we examined Ga2 mobility
when cAR1mobility was externallymodulated. First, we treated cells
with benomyl as reported previously [25]. Consistently, benomyl
treatment slowed cAR1-TMR mobility with a diffusion coefﬁcient of
0.003 mm2/s (Fig. 2C). Further, the slower Ga2-TMR fraction in these
cells changed its mobility towards that of cAR1 with a diffusion co-
efﬁcient of 0.005 mm2/s upon cAMP stimulation. Second, cAR1
diffusion was constrained by being tethered to the glass surface (see
Supplementary Material and Methods). Concomitant to the immo-
bilization of cAR1, the slower-mobile fraction of Ga2 caused a shift to
the immobilized state, consistent with the formation of cAR1-Ga2
complexes (Fig. 2D). The diffusion coefﬁcients of the cAR1 and
slower Ga2 fractions were 0.004 mm2/s and 0.005 mm2/s, respec-
tively. To further conﬁrm that the activation state of Ga2 is respon-
sible for complex formation with the receptor, we observed a
constitutively active Ga2 mutant, Q208L [26]. Ga2(Q208L) showed a
slower-mobile fraction even in the absence of cAMP, and this fraction
increased with increasing cAMP (Fig. 2E), indicating both G protein
activation and receptor occupation with cAMP can promote the
complex formation. Thus, chemotactic receptors activate, recruit,
and capture the cognate G proteins with half maximum de-
pendencies of 2.3, 12, and 270 nM cAMP, respectively. The capturing
of active Ga2 by the occupied receptor can contribute to the spatial
retention of the chemotactic signals at the higher ranges.3.3. cAR1-Ga2 complex formation was correlated with chemotactic
range extension
Three different modes in the G protein dynamics can explain the
sub-nanomolar to micromolar chemotaxis range of Dictyostelium
cells. We assume that the complex formation between cAR1 and
Ga2 is related to the chemotaxis range extension. To test this hy-
pothesis by extending the dose-dependency of the complex for-
mation to the higher range, we decreased the afﬁnity of cAR1 by
using a chimera receptor in which the second extracellular loop
(EL2) was replaced with that of cAR2, a low-afﬁnity homolog of
cAR1 (cAR1-R2(EL2)) [27]. Single molecules of Ga2-TMR exhibited
mobility shifts with an EC50 of 1.8 mM and 720 nM in car1/car3
knockout and wild type (WT) cells expressing cAR1-R2(EL2),
respectively (Fig. 3A), which is consistent with the complex for-
mation of Ga2 with the occupied receptors. Next, we observed the
chemotaxis ability of cAR1-R2(EL2)-expressing cells under high
cAMP concentration condition. When a micropipette containing
1mM cAMP was placed in the dish, cAR1-R2(EL2)-expressing cells
reached the tip of the capillary, while WT cells did not gather
efﬁciently around the tip (Fig. 3B and C, and Video S4). Under lower
cAMP concentrations, WT cells exhibited efﬁcient chemotaxis [13].
We performed small population assay (see SupplementaryMaterial
and Methods) to evaluate the chemotactic efﬁciency of each cell
line and found that cAR1-R2(EL2)-expressing cells extended their
sensitivity range to high cAMP concentrations (Fig. 3D). Thus,
lowering the afﬁnity of cAR1 caused shifts in the range of chemo-
taxis and the complex formation between Ga2 and cAR1 to the
higher concentration ranges, suggesting spatial retention of the
chemotactic signals by the complex formation regulates the
sensitivity range.
Supplementary video related to this article can be found at
https://doi.org/10.1016/j.bbrc.2018.11.029.
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along chemical gradients
Wenextmeasured themembrane-binding lifetimes of G protein
to examine the effects of receptor activation on the membrane-
binding stability of G protein (Fig. 4). Single-molecule imaging
showed that Ga2-TMR suddenly appeared from the cytosol, sub-
sequently diffused on the membrane, and then suddenly dis-
appeared from the membrane (Video S3). We determined the
lifetimes of membrane-bound Ga2-TMR bymeasuring the duration
between the appearance and disappearance of individual mole-
cules (See Supplementary Material and Methods). Ga2-TMR had aFig. 2. Complex formation between cAMP receptor cAR1 and activated Ga2 upon their activa
cells expressing cAR1-TMR, Ga2-TMR, and Gg-TMR. (B) MSD plots obtained by PDF-based a
10 mM cAMP. PDF-based MSD plots of fast (blue) and slow (black) diffusion, and the prop
(n 9 cells). (C and D) Histograms of the SRD coefﬁcients in cells treated with 100 mM ben
tograms of SRD coefﬁcients of Ga2(Q208L)-TMR observed in unstimulated (left) and stimula
reader is referred to the Web version of this article.)lifetime of 1.3 s without cAMP (Fig. 4A), while upon receptor
stimulation with uniform 10 mM cAMP, the lifetime was prolonged
to ~13.3 s (Fig. 4A). Constitutively active Ga2(Q208L) had lifetimes
of 0.7 and 3.4 s without cAMP, but ~26.2 s with cAMP stimulation
(Fig. 4B). The obtained value for WT Ga2 is similar to the reported
degradation time of Ga-GTP estimated from the interconversions of
the cAMP-binding sites [28]. These results indicate that both cAMP-
bound receptor and G protein activation were required to stabilize
the membrane binding of the Ga2 subunit. We further assessed the
mobility and lifetimes of Ga2 under cAMP gradients. Cells
expressing Ga2-TMR were stimulated by a double-barreled
micropipette with two separate chambers containing eithertion. (A) Histograms of the SRD coefﬁcients in unstimulated (left) and stimulated (right)
nalysis. cAR1-TMR, Ga2-TMR, and Gg-TMR in the absence (left) or presence (right) of
ortion of the slower fraction (red). The means ± SD of the analysed cells are plotted
omyl (C) and cells in which cAR1-TMR was tethered on the glass surface (D). (E) His-
ted (right) cells. (For interpretation of the references to colour in this ﬁgure legend, the
Fig. 3. Shift in cAR1-Ga2 complex formation and chemotaxis range induced by the low-afﬁnity receptor cAR1-R2(EL2). (A) Dose-response curve of the slower-mobile fraction of
Ga2-TMR obtained from WT (green lozenge), cAR1-R2(EL2)-expressing WT (orange circle), and cAR1-R2(EL2)-expressing cAR1/3 KO (blue square) cells. The means ± SD of indi-
vidual cells (n 3) are shown. (B) Micropipette assay of chemotaxis. WT and cAR1-R2(EL2)-expressing cells were stimulated with 100 mM or 1mM cAMP. The range extension by
cAR1-R2(EL2) expression is shown. Cells are highlighted in green. Representative trajectories of cells are shown in magenta. Time, 0 and 60 or 0 and 120min. (C) Chemotactic index
(upper) and motility speed (bottom) of >100 trajectories were analysed and are shown as bar graphs (means± SEM). (D) Small population assay of chemotaxis. Data represent the
means ± SEM of three experiments. Scale bar, 50 mm. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)
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were visualized (Fig. 4D and Video S5). Ga2-TMR exhibited longer
lifetimes with slowmobility in the cell sides facing the higher cAMP
concentration than those facing the lower (Fig. 4E and F). Thus,
capturing by cAMP receptor prolongs the lifetime of G protein,
leading to the generation of intracellular G protein gradients along
chemoattractant gradients at higher ranges.
Supplementary video related to this article can be found at
https://doi.org/10.1016/j.bbrc.2018.11.029.
4. Discussion
In this report, we found that a chemoattractant triggers three
distinct G protein dynamics with different concentration de-
pendencies, and all three types ensure wide-range chemotaxis
(Fig. S2). Moreover, our results suggest the known high- and low-
afﬁnity states of cAR1 have different roles in G protein regulation.
Approximately 10% and 90% of total cAR1 receptors have high af-
ﬁnity (Kd¼ 3.5e30 nM) and low afﬁnity (Kd¼ 200e500 nM),
respectively [29e32]. That cAMP induced G protein activation with
an EC50 of 2.3 nM is consistent with the afﬁnity of high-afﬁnity state
cAR1, which is likely to be the state responsible for G protein
activation [23,33]. Gip1 regulates the spatial distribution of G
proteins between the cytosol and the membrane upon ligand
stimulation with an EC50 of 12 nM. A portion of G proteins is
sequestered to the cytosol by binding to Gip1. These cytosolic Gproteins are eventually released from Gip1 and change their dis-
tribution along the cAMP gradients [13]. The complex between Ga2
and cAR1 appears with an EC50 of 270 nM, which is similar to the Kd
of low-afﬁnity state receptors. Additionally, an afﬁnity-reducing
mutation on cAR1 reduced the value of EC50 for the complex for-
mation and also extended the chemotactic dynamic range to higher
concentrations. Therefore, the observed G protein dynamics
together could cover the whole chemotactic dynamic range of
cAMP (sub-nanomolar to several micromolar).
The direct observation of G proteins using single-molecule
TIRFM imaging revealed an unconventional stable complex for-
mationwith GPCR, represented by the slower mobile population of
Ga2. 98% of inactive G protein transiently bound to the membrane
with a binding lifetime of about 1 s (Table S1). This homogeneous
short membrane binding time suggested that G proteins do not
pre-couple with cAR1. Consistently, most G proteins diffused faster
than cAR1 in the unstimulated condition. Agonist stimulation
initiated receptor-mediated activation of G proteins, although this
process was too fast to be observed with our single-molecule im-
aging system. Because our experimental setup took 33ms for an
image acquisition, GPCR should activate G proteins in less time. This
notion is supported by evidence that Gbg behavior did not change
before or after ligand stimulation. On the other hand, the activated
Ga2 subunit dissociated fromGbg tomake a complexwith the cAR1
receptor on the membrane. This complex formation was indicated
by the agonist-induced reduction of the Ga2 diffusion coefﬁcient to
Fig. 4. Complex formation and stabilization of activated Ga2 along chemoattractant gradients. Lifetime analysis of WT Ga2-TMR (A) and constitutively active Ga2(Q208L)-TMR (B).
Solid lines indicate ﬁtting curves of the sum of exponentials (see Supplementary Material and Methods and Table S1). (C) Single-molecule analysis of Ga2-TMR under a steep cAMP
gradient formed by a theta micropipette with two separate chambers containing either 10 nM or 1 mM cAMP. (D) Trajectories of single molecules of Ga2-TMR in a cell exposed to the
gradient. (E and F) Histograms of SRD coefﬁcients and lifetimes of Ga2-TMR, respectively, observed on the cell halves facing the higher (red) or lower (blue) cAMP concentrations.
Scale bar, 2 mm. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)
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when receptor diffusion was constrained, the diffusion of Ga2
showed a corresponding reduction. cAR1-Ga2 complex formation
increased concomitantly with cAMP occupancy of the low-afﬁnity
state cAR1. These results suggest that the ligand-occupied, low-
afﬁnity receptors were used as binding sites for the longer mem-
brane lifetime of Ga2. The membrane binding time of Ga2 was 13 s.
It was previously reported that the cAMP binding time of low-
afﬁnity cAR1 is 1 s [14]. Both values can be explained by the
repeated association and dissociation of Ga2 with its neighboring
receptors. Altogether, this unconventional complex formation ex-
tends the chemotactic dynamic range by producing local informa-
tion of the receptor occupancy even after all G proteins are already
activated.Because wide sensitivity is a general property of GPCR signaling,
the multiple modes of G protein dynamics may be shared with
other cell types as a common mechanism, thus providing an
additional layer of range regulation in addition to negative feedback
on GPCRs.
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